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SUMMARY
1. The depolarizing actions of N-methyl-DL-aspartate (NMA) and L-glutamate on
pyramidal neurones were compared in a hippocampal slice preparation. Tetrodotoxin
(1 /M) was added to the perfusion solution to suppress regenerative Na conductances.
2. Depolarization evoked by ionophoretic application of NMA triggered slow,
high-threshold regenerative spikes. These are considered to be Ca spikes since the
amplitude and rate of rise could be reduced by verapamil, D-600, Co2+ and Mn2+,
and increased by Ba2+. Multiple Ca-spike thresholds could be demonstrated in the
same cell. In contrast, depolarizations evoked by L-glutamate only rarely triggered
Ca spikes.
3. The minimum latency to the onset of depolarization evoked by NMA was less
than 20 ms. The latency and amplitude of NMA-evoked responses were highly
dependent on the position of the ionophoretic pipette; movements of the pipette by
as little as 10-50 jsm could markedly change the size of the response. Spatially
separate hot spots for NMA and glutamate were not found.
4. Depolarizations evoked by small to moderate ionophoretic currents of NMA
were usually associated with an apparent rise in input resistance, as tested by the
response to transmembrane current pulses. Ionophoresis ofL-glutamate, or high NMA
doses, however, usually caused a fall in input resistance.
5. Both the depolarization and the conductance change evoked by NMA were
highly voltage-dependent within the approximate range -50 to -80 mV; they could
be increased by modest depolarization and reduced by hyperpolarization of the
membrane. No reversal potential could be demonstrated in the hyperpolarizing
direction. Rather, the NMA response approached zero asymptotically at sufficiently
hyperpolarized membrane potentials.
6. Subthreshold depolarizations and conductance changes elicited by NMA could
be blocked by Co2+, Mn2+ and Cd2+, and reduced by D-600 and verapamil. These Ca2+
antagonists had little or no effect on resting membrane potential or input resistance,
or on responses to L-glutamate. Ba2+ increased the amplitude of subthreshold NMA
responses. Intracellular injection ofCs+ plus tetraethylammonium caused cells to fire
large, prolonged (up to 15 s) Ca spikes, presumably because most K+ conductances
were blocked. Under these conditions the effect ofNMA was unchanged or enhanced.
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7. Raising [K+]. to 10-5 mm (from the normal 3-5 mm) caused a depolarization and
fall in input resistance, but did not change the amplitude or voltage dependence of
the NMA response. Reducing [Na+]. caused an initial increase, then usually a delayed
decrease in the amplitude of the NMA response.
8. These results indicate that the depolarizing action of NMA is not primarily due
to reduction of a conventional resting K+ conductance. The results suggest that the
depolarizing action of NMA in the hippocampus involves the rapid activation of a
voltage-sensitive Ca2+ conductance. The NMA-evoked rise in input resistance is the
expected result of this mechanism. This finding is relevant to the possible synaptic
functions of chemically gated Ca2+ conductances in hippocampal neurones.
INTRODUCTION
In the hippocampus, transmission through axo-spinous synapses between Schaffer/
commissural fibres and pyramidal neurone dendrites is likely to be mediated by an
acidic amino acid, possibly L-glutamate (White, Nadler & Cotman, 1979; Hablitz &
Langmoen, 1982). The basis for the depolarizing action of acidic amino acids on
hippocampal neurones is ill-understood, although of importance for appreciating the
physiological roles these compounds play in the hippocampus. The intracellular
studies of Sonnhof & Biihrle (1981) in isolated spinal motoneurones demonstrated
that L-glutamate causes a small increase in conductance to Na+ and possibly also Ca2+.
The action of DL-homocysteic acid on motoneurones may be more complex, however,
as a stable increase in input resistance was found by Engberg, Flatman & Lambert
(1979), and interpreted as being due to a decrease in a voltage-dependent K+
conductance.
The multiplicity ofacidic amino acid receptors (Watkins & Evans, 1981) complicates
the interpretation ofphysiological responsesevokedbyglutmate and DL-homocysteate
since these agents appear to interact with several receptor subtypes, each of which
maybe associated with different conductance mechanisms. The most well characterized
acidic amino acid receptor is activated strongly by N-methyl-D-aspartate (NMDA)
and blocked by divalent cations such as Co2+, Mn2+ and Mg2+ (Ault, Evans, Francis,
Oakes & Watkins, 1980). The racemic mixture of N-methyl-aspartate (NMA) is also
a good agonist at NMDA receptors, while DL-homocysteate is moderately active and
glutamate only weakly active at these sites.
The primary aim of the present studies was to determine the ionic mechanism
responsible for the depolarizing action of the NMDA receptor agonist, NMA, on
hippocampal neurones, and to compare the action of NMA with that of glutamate.
Evidence is presented indicating that NMA rapidly activates a voltage-sensitive Ca2+
conductance in pyramidal neurones, and that this effect does not appear secondary
to changes in K+ conductance. A rise in input resistance evoked by NMA, also
reported in studies of several other amino acids (e.g. MacDonald, Porietis &
Wojtowicz, 1982), is expected from this mechanism. The theoretical basis for this
expectation is presented in an Appendix and has been applied to the experimental
data. Accounts of this work have been presented to the Society for Neuroscience
(Dingledine, 1981b, 1982).
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METHODS
Rat hippocampal slices were prepared and maintained as described previously (Dingledine,
1981 a). Briefly, rats (125-200 g) were anaesthetized with ether and the hippocampi dissected out.
Nearly transverse slices were cut with a tissue chopper and transferred to a recording chamber,
where they were superfused at 33-36 0 with an artificial cerebrospinal fluid and oxygenated by
a humidified stream of warmed 02-CO2. The composition of the standard recording medium was
(in mM): NaCl, 130; KCl, 3-5; NaH2PO4, 1P25; NaHCO3, 24; CaCl2 .2H20, 1P5; MgSO4 .7H20, 1-5;
and glucose, 10. For experiments requiring elevated K concentrations, KCI was substituted for
NaCI. Alow Nasolutionwasmadebysubstituting KH2PO4forNaH2PO4, replacing 2-25 mM-NaHCO3
with 2-25 mM-KH2CO3, eliminating KC1, and substituting choline chloride for NaCl. The Na
concentration was thereby reduced from 155-25 to 22 mM. Atropine (10 /M) was included to reduce
the muscarinic effects of 130 mM-choline. All solutions had the same osmolarity and similar pH
(7-3-74). Other Na substitutes were used in preliminary experiments (glucosamine, N-methyl-
glucamine, Tris), but either produced exaggerated cellular burst firing or were detrimental to slice
health.
In most experiments tetrodotoxin (TTX) was included in the bathing medium to eliminate Na
spikes and allow a clearer study of amino acid responses. An appropriate concentration of TTX
to block Na spiking was determined by constructing a dose-response curve for the inhibition by
TTX of antidromic field potentials in the CAI region of the slice. The EC50 of TTX was 42+1 1 nm
(n = 8 slices). In all intracellular experiments 1 umM-TTX was used to insure complete suppression
of Na spiking.
Intracellular recordings from seventy-eight pyramidal neurones were made by fibre-filled glass
micropipettes pulled on a Brown-Flaming type puller (David Kopf Instruments) and filled with
either 3 M-K acetate or a combination of 1 M-tetraethylammonium (TEA) bromide plus 3 M-CsCl.
The resistance of these electrodes was 60-150 MQl. Single or double barrel micro-ionophoretic
pipettes (20-100 MCI) were filled with either NMA (50 mm in 150 mM-NaCl, pH 7-8) or glutamate
(05 M, pH 7-8). Low backing currents (0-5 nA) were used in order to increase the rate of drug release
during brief negative current pulses (10-180 nA). The recording and ionophoretic pipettes were
positioned under visual control by separate micromanipulators. Following each successful penetra-
tion the position and depth of the ionophoretic pipette was readjusted to produce large, short
latency responses. The ionophoretic pipette was positioned within the cell layer or 100-200 ,um from
the cell layer in the stratum radiatum.
For antagonism experiments, drugs were usually applied by pressure ejection of a small (< 1 nl)
droplet of drug-containing solution onto the surface of the slice. For this purpose the chloride salts
of C02+, Mn2+, Cd2+ and Ba2+ were made up as 10 mm solutions in bathing medium. Verapamil (1
or 3 mM) and D-600 (1 mM) were applied by droplet, or in the bathing medium at lower
concentrations. For some experiments C02+ was also applied by perfusion at a concentration of 0-5
or 1-5 mm. The results were qualitatively identical whether the drugs were perfused or applied by
droplet.
Signals were recorded and displayed conventionally (Dingledine, 1981 a). In some experiments
signals were digitized at 10 kHz and stored on floppy disk for on or off-line analysis with an LSI- 1l
computer. Verapamil and methoxy-verapamil (D-600) were generously donated by Knoll




In the presence of TTX, depolarizing current pulses or short ionophoretic pulses
of NMA evoked slowly rising broad spikes that could be reduced in amplitude and
rate of rise by verapamil, D-600. Co2+ and Mn2+ (Fig. 1), and potentiated by Ba2+.
They are therefore considered to be mediated primarily by Ca currents (Schwartzkroin












Fig. 1. Suppression of TTX-resistant spike by Ca antagonists. A, slow spike evoked by
a depolarizing current pulse (10 nA) was partially blocked following application of
verapamil in a droplet to the surface of the slice. B, in a different cell, a 0 5 nA depolarizing
current pulse evoked two slow spikes in control, but only one after superfusion with
0-1 mM-D-600. Little further effect occurred on raising the D-600 concentration to 1 mM.
Addition of 2 mM-Co2+ quickly blocked the remaining spike; raising the current to 0-6 nA
in Co2+ then elicited only a slowly rising small spike. Calibration bars: 20 mV, 50 ms for
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Fig. 2. Multiple Ca spike thresholds and short latency depolarization evoked by NMA.
A, four successive responses to ionophoretic administration of 60, 70, 80 and 90 nA NMA
(filled circles) are shown. B, the four traces in A are superimposed. Regenerative potentials
can be seen to arise from three distinct levels of membrane potential (arrows). C, in
another cell the digital average of eight NMA responses is shown at slow speed (top) and
at 10 x faster digitizing speed (bottom) to highlight the rising phase of the depolarization.
The NMA pulse (180 nA, filled bar) was 20 ms wide.
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resting potential) was considerably higher than the TTX-sensitive Na spike threshold
of pyramidal cells (Table 1). Inorganic Ca channel blockers were quite effective in
blocking these spikes, in contrast to the rather low potency (0'1-1 mM) and weak
action ofverapamil and D-600. In some cells Ca spikes were not all-or-nothing; rather,
multiple Ca-spike thresholds could be revealed by adjusting the NMA dose (Fig. 2A,
B).
TABLE 1. Properties of CAl pyramidal neurones
Membrane potential -66+1 mV (n = 33)
Input resistance 35 + 2 MCI (n = 61)
Na spike amplitude 105+2 mV (n = 20)
Ca spike amplitude* 47 + 2 mV (n = 34)
Na spike threshold 13+1 mV (n = 20)
Ca spike threshold 22+1 mV (n = 28)
* Measured in the presence of 1 #aM-TTX; does not include results of cells penetrated with
Cs/TEA-filled pipettes.
t Measured from the resting potential.
The position of the NMA and glutamate ionophoretic micropipettes was critical
in determining the magnitude and latency of the evoked responses, although no
evidence for spatially separate hot spots for NMA and glutamate was obtained. Once
an optimum position was found, movement of the pipette by as little as 10-50 #m
was usually sufficient to reduce the response to short pulses (< 200 ms) by over 50 %.
The shortest latency observed for NMA was less than 20 ms from the onset of the
ionophoretic pulse (Fig. 2C). The minimum latency is likely to be much less than
20 ms since the ionophoretic unit used (DAGAN) had no facility for capacitance
trimming; the pipette voltage was therefore not square but required approximately
190 ms to reach its final value during longer pulses.
Ca spikes were readily evoked by NMA but not usually by glutamate, even when
the glutamate depolarization was larger than that caused by NMA (Fig. 3A). This
finding may reflect a difference in the ionic mechanisms of glutamate-activated
and NMA-activated receptors. On occasion, however, large fast-rising glutamate
depolarizations also triggered Ca spikes (e.g. Figs. 6, 7). The NMA-evoked Ca spike
was often followed by a long-lasting hyperpolarization associated with a fall in input
resistance (Fig. 3B). This after-hyperpolarization was invariably linked to large Ca
spikes, as illustrated in the top trace of Fig. 3B, in which the second of three NMA
pulses failed to evoke either a Ca spike or the after-hyperpolarization.
Conductance changes
Modest depolarizations (1-20 mV) elicited by small doses of NMA were usually
associated with an apparent rise in input resistance while larger NMA-evoked
depolarizations were linked to a precipitous fall in resistance (Fig. 4A). The initial
rise in input resistance could be quite pronounced and could occur with little or no
underlying depolarization, as demonstrated in Fig. 4B, C. It should be stressed that
in TTX anomalous inward rectification is minimal in these cells (Hotson, Prince &
Schwartzkroin, 1979) and could therefore not account for the observed conductance
change; indeed, outward rectification was nearly always present to some extent.
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While glutamate depolarizations could also be associated with a rise in input
resistance (e.g. Fig. 3 A, bottom trace), the more usual effect ofglutamate was to cause
a fall, or occasionally no change, in resistance.
The response of pyramidal cells to NMA showed strong dependence on the
membrane potential within the approximate range -50 to -80 mV. Both the
amplitude and duration of the NMA depolarization were reduced by hyperpolarizing
A Glu 70 NMA 40
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Fig. 3. Ca spikes and after-hyperpolarizations evoked by NMA. A, NMA and glutamate
(Glu) were alternately ionophoresed from a two-barrelled micropipette. NMA regularly
evoked multiple Ca spikes, while larger depolarizations elicited by Glu were ineffective.
The dotted line marks the approximate threshold for NMA evoked spikes. The bottom
pair of traces were obtained some 30 min later, when the recording conditions had
changed. Bars indicate the duration and magnitude (nA) of the ionophoretic pulses.
B, in another cell, three identical pulses of NMA (bars) were delivered (top row). The
second pulse failed to elicit either a spike or after-hyperpolarization. In the bottom row,
resistance testing pulses are superimposed on the NMA responses to illustrate the fall in
input resistance during the after-hyperpolarization. Spikes are cut off from the top of the
traces. This recording was done in the absence of TTX.
the membrane with steady current injection (Fig. 5A, B). Conversely, depolarization
of the membrane by a few millivolts potentiated and prolonged the NMA-evoked
depolarization. Stronger depolarization of the membrane triggered Ca spikes that
obscured the underlying actions of NMA. Results similar to those illustrated in Fig.
5 were obtained from twenty-four oftwenty-five cells tested. The NMA depolarization
could be abolished, but not reversed, by sufficient hyperpolarization of the membrane
(Fig. 5C). The potential dependence of the NMA depolarization was not simply due
to changes in driving force, since the apparent rise in input resistance showed a similar
voltage dependence (Fig. 5D). Thus, the NMA conductance change itselfwas potential-
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dependent and could not be activated at membrane potentials more hyperpolarizing
than about -80 mV.
The conventional interpretation of a rise in input resistance, as monitored by
voltage deflexions in response to constant current pulses, is that the conductance to
some ion (e.g. K+) has been reduced. Engberg et al. (1979) favoured this explanation










Fig. 4. NMA produces a dose-related biphasic conductance change. A, the responses of
a cell to increasing ionophoretic currents of NMA are shown. Small NMA depolarizations
are accompanied by an apparent rise in input resistance, while large responses are
dominated by a fall in resistance. B, NMA pulses (150 ms wide) with and without constant
current negative pulses to measure input resistance. C, in another cell, a 40 ms, 180 nA
NMA pulse produces an apparent rise in input resistance, as measured with positive
current pulses, with no underlying depolarization. A, B, C from different cells.
pointed out by Smith, Barker, Smith & Colburn (1980), however, constant current
techniques can lead to misinterpretation of conductance changes if the availability
of the conductance mechanism under study is potential-dependent. In this situation
the voltage deflexion due to current pulses cannot provide an accurate reflexion of
passive membrane conductance. The membrane model presented in the Appendix is
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used to demonstrate how such an increase in potential-dependent conductance can
lead to an apparent rise in input resistance. With this in mind, an alternative
explanation for the observed rise in input resistance is that NMA may increase a
regenerative conductance for a depolarizing ion (Ca2+ or Na+). The experiments
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Fig. 5. NMA-evoked responses are voltage-dependent. A, B, the responses of two cells to
'NMA. The membrane potential of each cell was adjusted to the levels shown by steady
current injection. The NMA response shows a complex voltage dependence; both the
amplitude and duration of the response are reduced by hyperpolarizing the cell. C, peak
response of another cell to NMA as a function ofmembrane potential. At very depolarized
levels (arrows) full Ca spikes were evoked. D, the NMA-evoked conductance change is
voltage-dependent. Standard ionophoretic pulses ofNMA (bar) were applied at different
membrane potentials, achieved by steady current injection. The change in input resistance
is most dramatic at more depolarized membrane potentials.
Effect of Ca2+ and K+ channel blockers
Inorganic Ca antagonists such as Mg2+, Co2+ and Mn2+ have been shown to block
selectively responses of frog motoneurones to NMDA receptor agonists (Ault et al.
1980). In the present study both the potential and conductance changes evoked by
ionophoresis ofNMA could be reduced by droplet application of 10 mm solutions of
Co2+ (12 out of 12 cells), Mn2+ (4/4 cells) and Cd2+ (4/4 cells), as illustrated in
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Fig. 6. Co2+ selectively blocks NMA-evoked conductance changes. A, NMA and glutamate
(Glu) were alternately ionophoresed at regular intervals as illustrated. At the arrow a
droplet of 10 mM-Co2+ in perfusion medium was applied to the surface of the slice near
the ionophoretic pipette. B, this trace began 14 s after Co2+ application. The NMA
response was completely blocked, while the glutamate response was unaffected (with the
exception of an initial small Ca spike). C, recovery developed gradually.
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Fig. 7. Manganese and D-600 selectively reduce NMA responses. A, responses evoked by
glutamate and NMA are shown before and after a droplet of 10 mM-Mn-containing
perfusion medium was applied to the slice surface. B, NMA and glutamate responses are
illustrated in another cell before and at two times after applying a droplet of 1 mM-D-600
to the slice. Filled bars indicate the timing and magnitude (nA) of the drug pulses.
Figs. 6 and 7. The effect of all three cations was reversible. An approximate com-
parison of the activity of these three cations as NMA antagonists can be provided
by measuring the percent inhibition of NMA depolarization caused by each
antagonist. When compared in this manner all three cations were approximately
equal in their ability to reduce NMA responses (Table 2). These NMA antagonists
were selective in that responses to glutamate were relatively unaffected (Figs. 6, 7;
Table 2). Additionally, the divalent cations had little or no effect on resting
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TABLE 2. Effect of calcium antagonists on responses of pyramidal cells to NMA and glutamate
Inhibition of response (%)
NMA Glutamate
Co2+ 78+5 (13) 7+4 (8)
Mn2+ 70+13 (4) 2+5 (3)
Cd2+ 68+14 (4) 25+6 (4)
D-600 41+13 (3) 22 (2)
Verapamil 22+14 (3) Not tested
Amino-acid-induced depolarization (10-20 mV) was measured in the presence ofTTX, before and
after application of a droplet of drug-containing perfusion medium to the surface of the slice. The
divalent cations were 10 mm, while verapamil and D-600 were made up in 1-3 mm. When the
responses of an individual cell to both glutamate and NMA were examined, the depolarizations
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Fig. 8. The NMA-evoked depolarization is potentiated by Ba2+. Responses to three
ionophoretic doses of NMA are shown before (A) and after (B) a droplet of 10 mM-Ba2+
was applied to the surface of the slice. The membrane potential was unchanged by Ba2+
in this cell, although other cells were depolarized (2-10 mV) by Ba2 .
membrane potential or input resistance, although they could reduce anomalous
inward rectification when it was present. The organic Ca antagonists verapamil
and D-600 could also reduce the response to NMA and, to a lesser extent, that to
glutamate (Fig. 7B and Table 2).
The effectiveness of Ca channel blockers against NMA-evoked conductance
changes is consistent with NMA acting to increase Ca conductance. This interpreta-
tion assumes these agents do not act as blockers ofNMA receptors or K channels. In
particular, the results presented so far do not directly address the possibility that
NMA may initially block the Ca-dependent K conductance present in these neurones
(Hotson & Prince, 1980; cf. Paupardin-Tritsch, Deterre & Gerschenfeld, 1981).
Indeed, Ba2+, which uncouples Ca2+ entry from K+ conductance, also caused a slow
depolarization with rise in input resistance as expected from its effect on K+
conductance. In each of five cells tested, however, Ba2+ potentiated rather than
eliminated the effect of NMA (Fig. 8). This is the predicted result for a Ca2+
conductance increase if Ba2+ permeates Ca channels in pyramidal cells more readily
than Ca2+ does (Hagiwara, Fukuda & Eaton, 1974). On the other hand, this result
is inconsistent with NMA causing a decrease in Ca-dependent K+ conductance.
The K hypothesis was further tested by examining NMA effects in an additional
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fourteen cells that had been injected with the K channel blockers, Cs+ and TEA. Cells
penetrated with Cs/TEA-filled micropipettes gradually developed the ability to
generate exceptionally large (up to 105 mV) and prolonged spikes, which lasted up
to 15 s before suddenly repolarizing (Fig. 9A). The membrane potential could be
abruptly reset during a spike by delivering a brief hyperpolarizing current pulse (Fig.
9A, c). A short ionophoretic pulse of NMA triggered a similar spike (Fig. 9B), which
was suppressed during the several second refractory period following a current-evoked
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Fig. 9. NMA responses are not eliminated by internal injection of the K-channel blockers
Cs+ and tetraethylammonium (TEA). A, an exceptionally prolonged spike could be
triggered by a short (100 ms, 0-5 nA) depolarizing current pulse (at a, b) and 'reset' (at
c) by an equally short hyperpolarizing pulse (100 ms, -0-5 nA). B, a brief pulse ofNMA
(50 ms, 180 nA) evoked an identical response. C, the NMA depolarization was accompanied
by the typical rise in input resistance. D, three NMA responses recorded at different
membrane potentials, achieved by passing steady current through the electrode (current
magnitude at the left of each trace). E, a very brief NMA pulse (10 ms, 180 nA) was
sufficient to depolarize this Cs/TEA-filled cell. The spike response occurred after lowering
the ionophoretic pipette by 5 Fm.
Ca spike (not shown). The NMA-evoked depolarization was entirely typical in
Cs/TEA-filled neurones, in that an apparent rise in input resistance occurred and the
NMA effect was potential-dependent (Fig. 9C, D). In Cs/TEA-filled cells, in which
K+ conductances appeared to be largely blocked, even very brief NMA pulses could
elicit measureable depolarization (Fig. 9E). These results indicate that when K+
conductances are suppressed with external Ba2+ or with internal Cs+ plus TEA, the
effect of NMA is not reduced but instead is enhanced.
Ionic manipulations
In the fourteen cells penetrated with CsCl (and TEA Br) filled micropipettes, the
Cl- Nernst potential should be depolarizing to the resting potential. In these cells
NMA still produced a depolarizing response, making it unlikely that a mechanism
requiring a significant decrease in Cl- conductance underlies the action of NMA.
Additionally, the Cl- equilibrium potential lies very close to the resting potential in
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these neurones when acetate electrodes are used (Andersen, Dingledine, Gjerstad,
Langmoen & Mosfeldt-Laursen, 1980), whereas the NMA depolarization could not
be reversed even at much more hyperpolarizing potentials (Fig. 5).
If NMA decreases K+ conductance, then a reduction in the driving force for K+






























Fig. 10. The NMA response is not reduced in high [K+]o. The upper panel shows the NMA
depolarization as a function ofmembrane potential (cf. Fig. 5 C) in 3-5 mM-K (filled circles),
after superfusing for 30 min in 10-5 mM-K (open circles), and after returning to low [K+]O
(triangles). In high [K+]. the membrane depolarized and the input resistance fell from 33
to 26 MO; resting potentials during the three conditions are marked by arrows on the
abscissa. In the lower panel each NMA-evoked depolarization has been divided by the
input resistance at the prevailing membrane potential and [K+]o to provide an
approximate correction for the effects of rectification. The inset illustrates responses of
another cell before (Con) and after perfusing with 10-5 mM-K. The vertical deflexions are
resistance testing current pulses, and demonstrate the expected reduction in input resist-
ance in high [K+]O. The membrane potential depolarized in high [K+]O but was adjusted to
the control value before these traces were obtained. Calibration bars: 10 mV, 10 s.
NMA depolarization. However, raising [K+]0 from 3-5 to 10-5 mM did not decrease
NMA depolarization in four of five cells. In these four cells the NMA response was
either unchanged or somewhat enhanced in high [K+]0 (Fig. 10 inset), even when the
membrane potential was held constant through the K changes by steady current
injection. As expected, cells were depolarized by 6-12 mV in high K (the Nernst
equation predicts 29 mV for a pure K electrode) and the resting input resistance was
usually decreased. Complications due to changes in resting potential and resistance
in high [K+]o have been reduced in the experiment illustrated in Fig. 10, in which the
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NMA depolarization was plotted as a function of membrane potential in both high
and low [K+]O. In the lower panel of Fig. 10, each NMA depolarization has been
divided by the input resistance at the prevailing membrane potential and [K+]. to
provide an approximate correction for rectification. This procedure linearizes the plot
and reinforces the conclusion that high [K+]. has no noticeable effect on the NMA
response.
In six experiments [Na+]o was depleted by 85% to examine the possibility that a
regenerative but TTX-insensitive Na+ conductance was increased by NMA. In
A Con NMA 30 B Con NMA 'O
Low Na: 8 min
Low Na: 41 min
J;' !III,.I Low Na: 22 min
Recovery. 11 min 20 s 10 mV Recovery: 16 min 2 sI 20 mV
Fig. 11. Effect of low [Na+]. on NMA responses. A, responses to brief ionophoretic pulses
ofNMA are shown in control (155 mM-Na), 41 min after superfusing with 22 mM-Na (Na
replaced by choline), and 11 min after returning to high Na medium. B, biphasic effect
of low [Na+]o on the NMA-evoked depolarization. Eight minutes after starting low [Na+]o
the NMA-evoked Ca spikes were abolished but the underlying depolarization was
increased. After 22 mmin in low [Na+]0, however, the NMA effect was reduced. Recovery
of the NMA depolarization occurred on superfusing with normal [Na+]0.
TTX-free medium, perfusion with low [Na+]. (choline) medium rapidly caused a
decline in amplitude of the antidromic population spike. The time course of Na
washout was determined in this way to be half complete approximately 8 min after
changing solutions. In TTX the NMA response was unchanged or enhanced at
8-10 min after changing to choline solution (Fig. 11). Prolonged incubation in low
[Na+]. medium, however, reduced the NMA response in five of six experiments
(Fig. 11 B), although in one cell the NMA depolarization was still potentiated after
40 min in low [Na+]o (Fig. 11 A). Current- or NMA-evoked slow spikes in TTX were
usually rather quickly abolished in low [Na+]o solution (Fig. 11). These results raise
the possibility that Na+ conductance contributes to both theNMA depolarization and
the TTX-insensitive spike (cf. MacDonald et al. 1982). An alternative explanation,
discussed below, is that low [Na+]o would interfere with Na/Ca exchange across the
plasma membrane and lead to a rise in intracellular [Ca2+], which is expected to
inactivate Ca2+ conductance. Perfusion with low [Na+]. (choline) solution caused a
small increase in resting input resistance (10-30 %) that may have reflected a reduc-
tion in the resting Na+ conductance. Choline-containing medium also induced small,
inconsistent changes in membrane potential that were usually mimicked when the
recording electrode was outside the cell and therefore probably represent changes in





The immediate goal ofthis investigation was to describe the conductance mechanism
underlying the depolarizing action of N-methyl-aspartate on hippocampal pyramidal
cells. The relevant features of the NMA response are the apparent rise in input
resistance and the voltage dependence of the conductance change. The traditional
interpretation of a rise in input resistance is that the drug has reduced the membrane
conductance of an ion such as K+ (e.g. Engberg et al. 1979).
Indeed, a similar depolarization and potential-dependent rise in input resistance
produced by acetylcholine on pyramidal cells has been shown to be due to a decrease
in a voltage-dependent K+ conductance that is partially activated at the resting
potential (Benardo & Prince, 1982; Halliwell & Adams, 1982). However, while the
K+ current that is blocked by muscarinic agonists (Im) operates over a similar
potential range as the NMA conductance does (-80 to -50 mV), Im has other
properties that make it unlikely to underlie NMA depolarizations. Im is blocked by
Ba2+ but not by Cd2+ (Constanti, Adams & Brown, 1981; Halliwell & Adams, 1982);
it should also be insensitive to Co2+ and Mn2+ in the pyramidal cell since these cations
did not depolarize cells nor increase input resistance. In contrast, NMA responses
were potentiated by Ba2+ and blocked by Cd2+, Co2+, and Mn2+. Furthermore, Im
may be too slow (Halliwell & Adams, 1982; cf. Dodd, Dingledine & Kelly, 1981) to
account for the relatively rapid onset of NMA responses (Fig. 2C).
Another K+ current in hippocampal pyramids, termed Iq (Halliwell & Adams,
1982), has fast kinetics but operates over a very hyperpolarizing potential range
(-120 to -80 mV) and is blocked by intracellular Cs+. By contrast the NMA
conductance operates over a more depolarizing range and if anything is potentiated
by Cs+; Iq is therefore unlikely to be directly involved in the generation of NMA
depolarizations. The fast voltage-dependent K+ current responsible for repolarizing
the action potential (IA) is very sensitive toTEA injection (Hille, 1967; Schwartzkroin
& Prince, 1980) and so would not be active in the experiment illustrated in Fig. 9,
in which NMA was quite potent. While the Ca-dependent K current (IJ) is generally
considered to operate over the NMA-sensitive potential region and to be suppressed
by Co2+, Cd2+ and Mn2+, other evidence argues against NMA acting as an Ic blocker.
First, Ba2+ and Cs+ block I, (Johnston, Hablitz & Wilson, 1980; Hotson & Prince,
1980) but potentiate the effect of NMA. Secondly, an after-hyperpolarization in
hippocampal pyramids having properties consistent with I, displays the expected
sensitivity to changes in [K+]. (Alger & Nicoll, 1980), whereas depolarizations evoked
by NMA appear insensitive to similar changes in [K+]o.
The preservation of NMA effects in Cs/TEA-filled neurones, and in high [K+]0,
provide compelling evidence that the depolarization produced by NMA is not the
result ofa conventional K+ conductance decrease. Internal Cs+ is considered to reduce
most K+ conductances (with the possible exception of Im), perhaps by acting as a
channel blocker (Tillotson, 1979). The demonstration of exceptionally large and
prolonged Ca spikes indicates that K+ conductances had been severely curtailed by
Cs/TEA treatment, and yet under these conditions NMA seemed especially potent.
It might be argued that our failure to demonstrate a clear reversal potential for NMA
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depolarizations is due to the rather narrow range of membrane potentials reached
in the hyperpolarizing direction, and admittedly our electrodes could only reliably
polarize cells to approximately -100 mV. However, the inability of high [K+]0 to
modifyNMA depolarizations provides a counter argument against the K+ hypothesis,
ifthe postulated K+ channel involved has conventional Nernstian properties. Indeed,
three K+ potentials in hippocampal pyramids, mediated by Im, Iq and Ic, have been
shown to depend on [K+]o in the expected manner (Hotson & Prince, 1980; Alger &
Nicoll, 1980; Halliwell & Adams, 1982), and theK+ equilibrium potential in 10-5 mM-K
should be approximately -70 mV (cf. Alger & Nicoll, 1980), well within the range
of membrane potentials explored here.
If the NMA depolarization does not result from a reduction in resting K+ or Cl-
conductance, then an increase in conductance of a depolarizing ion (Ca2+ and/or Na+)
is implied. A rise in input resistance (as illustrated in Fig. 4) is predicted from a
conductance increase mechanism, if the conductance involved shows voltage sensi-
tivity of the type illustrated in Fig. 5 (see Appendix). The effects of Co2+, Cd2+, Mn2+,
verapamil, D-600 and Ba2+ on the NMA response would favour the involvement of
a voltage-sensitive Ca2+ conductance. Surface charge screening by the divalent
cations (Frankenhauser & Hodgkin, 1957) may certainly contribute to their blocking
effect but is not likely to be large enough to account for much of the effect. A reduc-
tion of the NMA response in low [Na+]. raises the possibility that NMA may activate
a TTX-insensitive Na+ conductance similar to the one described in spinal ganglion
neurones (Fukuda & Kameyama, 1980). However, low Na+ usually caused an initial
potentiation of NMA responses (perhaps due to blockade of uptake), and there was
a lag in the onset of the blocking effect when compared to the time course of Na+
washout. An alternative explanation for the low Na+ effect appears feasible. A
reduction in [Na+]o would be expected to cause drastic inhibition ofNa/Ca exchange
across the plasma membrane (Baker, 1972), which could lead to a relatively rapid
increase in intracellular Ca2+ in these small neurones. A rise in [Ca2+], is considered
to cause inactivation of Ca2+ conductance (Tillotson, 1979), and could thus account
for a delayed block in a NMA-activated Ca2+ conductance.
The weight of the evidence, then, suggests that NMA rapidly activates a voltage
sensitive Ca2+ conductance in hippocampal neurones. The NMA-operated channel
may not be entirely selective for Ca2+, however; further studies are needed to
determine whether a Na+ conductance is also involved. The ionic tests and results
with Ca2+ and K+ channel blockers do not completely eliminate the possibility that
an unconventional K+ conductance is involved in the action of NMA. The coupled
nature of voltage-dependent Ca2+ and K+ conductances adds to the difficulty of
separating these two ionic mechanisms with conventional current or voltage-clamp
techniques. This problem might be addressed by examining the actions of NMA on
single Ca2+ and K+ channels in isolation (Hamill, Marty, Neher, Sakmann & Sigworth,
1981).
Hippocampal Ca spikes
The TTX-resistant pyramidal cell spike, whether evoked by NMA or by a
depolarizing current pulse, appears different from the voltage-dependent Ca2+
conductance of smooth muscle. The smooth muscle Ca spike is highly sensitive to
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micromolar concentrations of D-600 and verapamil (Fleckenstein, 1977), whereas the
pyramidal cell spike is relatively resistant to these organic Ca2+ blockers. In this
respect the hippocampal Ca spike resembles other receptor operated Ca channels
(Triggle, 1981). The demonstration in the same cell of multiple Ca spike amplitudes
and thresholds (Fig. 2), implies that the trigger zone for Ca spikes may be distributed
widely over the surface of pyramidal neurones, in contrast to the spatially restricted
Na spike trigger zone in these cells (Andersen, Silfvenius, Sundberg & Sveen, 1980).
Only the largest Ca spikes were followed by a prominent after-hypolarization, which
has the properties of a Ca-dependent K+ conductance shown to reside in pyramidal
cell membranes (Hotson & Prince, 1980).
Significance of chemically gated Ca conductance
The number of examples in which voltage-dependent Ca conductances appear to
be modified by transmitters or neurohormones is growing (Reuter & Scholz, 1977;
Pellmar & Carpenter, 1980; Dunlap & Fischbach, 1981; Galvin & Adams, 1982), and
it seems likely that receptor regulation of Ca channels will prove quite widespread.
For example, it is possible that release ofan NMA-like transmitter may under certain
conditions contribute to the dendritic Ca spikes that are observed in hippocampal
models of epilepsy (Wong & Prince, 1978, 1979). The significance of NMA-mediated
Ca2+ conductance goes beyond the function of Ca2+ as a conventional charge carrier,
however, since receptor activation should lead to a transient, local rise in [Ca2+]i,
which could affect a number of cellular functions. Possible examples include Ca
regulation of K+ conductance (Meech & Standen, 1975), local dendritic secretary
processes, cytoplasmic transport (Chan, Ochs & Worth, 1980), and Ca-dependent
enzymes (Baudry, Bundman, Smith & Lynch, 1981). Elsewhere it is argued that
dendritic Ca spikes evoked by release of an endogenous NMA receptor agonist may
trigger the biochemical processes responsible for long-term potentiation of synaptic
transmission in the hippocampus (Dingledine, 1983).
While it is difficult to dismiss the possibility ofa partly presynaptic action for NMA,
the present study provides evidence for the existence of multiple receptors for acidic
amino acids on pyramidal neurones. NMA and glutamate were dissimilar in their
ability to trigger Ca spikes, in their conductance changes, and in their responses to
organic and inorganic Ca antagonists. MacDonald & Wojtowicz (1980) have also
demonstrated multiple conductance mechanisms in the actions of the acidic amino
acids on cultured spinal cord neurones. The pharmacological differentiation of acidic
amino acid receptors appears to rely partly on differences in the ionophores engaged
by the various agonists. Thus previous observations that NMA receptor activation
is selectively blocked by inorganic Ca2+ antagonists (Ault et al. 1980) can be explained
as an action on the Ca2+ ionophore. The weak ability of glutamate to mimic NMA
effects on calcium mediated potentials (cf. Nicoll & Alger, 1981) is consistent with
its mild agonist effects on NMA receptors (Watkins & Evans, 1981). Synaptic
excitation at a variety of C.N.S. and spinal synapses is reported to be sensitive to NMA
antagonists (Watkins & Evans, 1981). If the natural transmitter does act on NMA
receptors, the ionic mechanism suggested here would lead to straightforward
predictions concerning the voltage and conductance changes one might expect at
these sites.
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APPENDIX
Effect ofvoltage-dependent conductance on input resistance measured with constant current
pulses
The input resistance of a cell (Rin) can be determined operationally from the
steady-state voltage (V) developed in response to constant current (I) injected
through the membrane; i.e. Rin = V/I. As long as the membrane under investigation
contains only purely passive (i.e. ohmic) ionic channels, changes in membrane
conductance are signalled faithfully by reciprocal changes in input resistance. The
conventional concept of Rin requires constant membrane properties. When voltage-
dependent conductances (Gv) reside in the membrane, however, the relationship
between measured input resistance and actual membrane conductance is not always
intuitively obvious. For example, if the action of a drug moves the membrane
potential into a region in which the membrane conductance is significantly influenced
by small changes in potential, then membrane conductance will change during the
current pulse. To explore this situation a digital model of a membrane that contains
a Gv was developed on a PDP-11/03 computer.
A parallel conductance model was used (Fig. 12 A); the only conductances
operating in this membrane were a voltage and time-independent 'resting' conduc-
tance (Gr) and a Gv. The membrane potential (Vm) of this model at any point in time
is given by the equation
Vm = trEr+tvEv+A(I/GT), (1)
where GT= Gr+ GV, tr = Gr/GT0 tv = Gv/GT, and Er and Ev are the reversal potentials
for the conductance pathways. The voltage deflexion due to current injected across
the membrane is A(I/GT), where A is a pair of exponential time functions defining
the charging curve. In this model Gv is an instantaneous sigmoid function of the
membrane potential (Fig. 12B; cf. Reuter & Scholz, 1977), defined by
Gv = 1+ 1B]2) (2)
where Gmax = maximum activatible Gv, and B = S(Vm - mid). Mid is the membrane
potential at which the conductance curve shows an inflexion point, and S is a unitless
number that determines the steepness ofthe curve. The parameters of the model were
chosen to approximate those ofhippocampal neurones; i.e. Gr = 25 nS (Ri = 40 MC),
Er = -70 mV, and membrane time constant = 20 ms. A strongly depolarizing GV
was produced by setting Ev = + 100 mV.
Eqns. (1) and (2) were used iteratively to calculate Gv and Vm in 5 ms steps over
a total period of 2-5 s (Fig. 12C-E). During this 2-5 s sweep a series of seven current
pulses (Fig. 12E) were 'injected' to monitor Rin as defined above. In the period
marked by the bar, Gmax was increased as shown in the inset of Fig. 12C. The rise
inGmax causes Gv to increase, which in turn depolarizes the membrane (time '1' in
the Gv trace of Fig. 12 C). In this model the observed increase in Ri. in the face of
an increase in membrane conductance occurs as follows. The hyperpolarization caused
by a current pulse moves Vm into a less voltage-sensitive region, the effect of which
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is to reduce G, (time '2'). The reduction in G0 leads to an additional hyperpolarization
since the conductance of a depolarizing ion is being reduced during the current pulse,
resulting in a 'rise in Rin'. The key feature of this argument is that the voltage
deflexion caused by the current pulse can itself influence G,.
This model also predicts that sizeable increases in Rin can occur with little
discernible underlying depolarization, if depolarizing current pulses are used to
A TIn B Gmx
G.max increase 200m
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Vm~ ~~~G
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-90
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E nA Lr m r m m m J
-20 500mrs
Fig. 12. Measurement of input resistance in model membrane containing a voltage-
dependent conductance (Gv). The model (A) consists of two parallel RC pathways and a
transmembrane current injector (I). The membrane potential of this circuit (Vm) is given
by eqn. (1). B illustrates the sigmoid dependence of Gv on Vm, which follows eqn. (2). C-E,
a train ofhyperpolarizing current pulses (E) was 'injected' across the membrane, and eqns.
(1) and (2) were used iteratively to calculate the resulting changes in membrane
conductance (C) and input resistance (D). During the time indicated by the bar in C, the
maximum activatible conductance through the voltage-dependent pathway was increased
from the 'resting' level, as shown in the inset, to simulate the action of a drug such as
NMA. A rise in Gv during this period is associated with a measured increase in input
resistance.
monitor Rin (e.g. Fig. 4C). This can happen when the voltage deflexions evoked by
constant current pulses move Vm into a more voltage-sensitive region, which causes
a further rise in Gv, leading to a regenerative response limited to the current injection
period. If the depolarizing current pulse moves Vm into the mid-range region of Fig.
12B, a regenerative increase in Gv will lead to a 'spike'. Indeed, within a certain
membrane potential range the membrane model is stable in two states only, similar
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to the experimental case in which K+ currents had been blocked by Cs/TEA injection
(Fig. 9A).
A change in maximum conductance has been generally invoked to explain drug
effects on voltage-dependent conductances (e.g. Reuter & Scholz, 1977; Dunlap &
Fischbach, 1981; Galvin & Adams, 1982), although the results described here are also
obtained if one allows Gv to increase by shifting the curve (Fig. 12B) to the left on
the voltage axis. The results obtained with this model demonstrate how a rise in
membrane conductance can lead to an observed rise in Rin, if the conductance
mechanism is voltage-dependent. The decrease of a voltage-dependent conductance
for a hyperpolarizing ion such as K+ (in which Ev is more negative than Er) produces
qualitatively similar results. In this situation the rise in Rin results from the more
conventional conductance decrease mechanism. The majorconclusion ofthis modelling
study is that, when the conductance change itself is voltage-dependent, these two
radically different mechanisms - increase in Ca2+ conductance or decrease in K+
conductance - cannot normally be distinguished on the basis of input resistance
measurements alone.
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